Glycosaminoglycans (GAGs) are complex highly charged linear polysaccharides that have a variety of roles in biological processes. We report the first use of molecular dynamics (MD) free energy calculations using the MM/PBSA method to investigate the binding of GAGs to protein molecules, namely the platelet endothelial cell adhesion molecule 1 (PECAM-1) and annexin A2. Calculations of the free energy of the binding of heparin fragments of different sizes reveal the existence of a region of low GAG-binding affinity in domains 5-6 of PECAM-1 and a region of high affinity in domains 2-3, consistent with experimental data and ligandprotein docking studies. A conformational hinge movement between domains 2 and 3 was observed, which allows the binding of heparin fragments of increasing size (pentasaccharides to octasaccharides) with an increasingly higher binding affinity. Similar simulations of the binding of a heparin fragment to annexin A2 reveal the optimization of electrostatic and hydrogen bonding interactions with the protein and protein-bound calcium ions. In general, these free energy calculations reveal that the binding of heparin to protein surfaces is dominated by strong electrostatic interactions for longer fragments, with equally important contributions from van der Waals interactions and vibrational entropy changes, against a large unfavorable desolvation penalty due to the high charge density of these molecules.
Introduction
The molecular mechanics Poisson-Boltzmann surface area (MM-PBSA) method (Srinivasan et al. 1998 ) was developed to estimate the free energy of ligand-protein (Kollman et al. 2000) and protein-protein interactions (Massova and Kollman 1999) . This method combines the calculation of interaction energies from explicit solvent MD simulations with Poisson-Boltzmann calculations of the solvation energy (Gilson and Honig 1988; Honig and Nicholls 1995) and molecular surface area-based calculations of the nonpolar contribution to the solvation free energy (Sanner et al. 1996) . MM-GBSA (molecular mechanics-1 To whom correspondence should be addressed: Tel: +61-8-9266-1017; Fax: +61-8-9266-2769; e-mail: R.Mancera@curtin.edu.au generalized Born surface area) calculations (where electrostatic calculations are performed using the generalized Born approach) (Tsui and Case 2001) have been used to investigate how electrostatic interactions dictate the high affinity of anionic carbohydrates such as Gal-β-(1,4)-GlcNAc for galectin-1. To our knowledge, these free energy methods have not been used to simulate the interactions of GAGs with proteins.
GAGs are challenging from a molecular modeling perspective because of their high negative charge density, their conformational flexibility, and the absence of well-defined binding pockets or high surface complementarities on their target protein. The accurate computational prediction of the free energy of the interaction of sulfated GAG-protein complexes is still in its infancy, particularly because of the poorly defined contribution of water (solvation/desolvation), the large electrostatic interactions involved, and limitations in the force fields and scoring functions used to represent GAG structure, dynamics, and interactions. These limitations are slowly beginning to be overcome. The Monte Carlo multiple minima (MCMM) method (Keserü and Kolossváry 1999) has been used to sample the many degrees of conformational freedom present in large GAG molecules as part of an investigation into the possible binding modes of cyclitols (GAG-like sulfated molecules) on the fibroblast growth factors 1 and 2 (FGF-1 and FGF-2) (Cochran et al. 2005) . MD simulations have been used successfully to model the structure and dynamics of various carbohydrates (Ford et al. 2003) . In the case of sulfated GAGs, simulations of heparin/HS in explicit solvent and gas phase (Mulloy et al. 1993; Mikhailov et al. 1996 Mikhailov et al. , 1997 Verli and Guimarães 2004; Becker et al. 2005; Jin et al. 2005; Murphy et al. 2008; Zhang et al. 2008) have provided insights into their conformational flexibility, while other simulations have investigated their interactions with proteins (Krieger et al. 2004; Canales et al. 2006) . A combined docking, MD simulation, and NMR study showed that a heparin hexasaccharide induced FGF-1 dimerization either in a cis-or trans-configuration but is not required for biological activity of this growth factor (Canales et al. 2006 ). An MD simulation study supported by isothermal fluorescence titration experiments' study suggested that a heparin disaccharide can bind to the IL-8 dimer with high affinity (Krieger et al. 2004) .
Annexin A2 and PECAM-1 are two examples of proteins that can bind heparin fragments with high affinity (Kassam et al. 1997; Coombe et al. 2008) . Annexin A2 plays an important role in membrane trafficking and cytoskeletal actin bundling, while extracellular annexin A2 has been proposed to play a role in the fibrinolytic pathway (Gerke et al. 2005) . Annexin A2 is known to bind heparin with high affinity and in a calcium-dependent manner, being thus also involved in the regulation of thrombotic processes (Kassam et al. 1997) . The crystal structure of annexin A2 has revealed that this protein binds to up to five heparin sugar residues and that two calcium ions mediate this binding interaction (Shao et al. 2006 ). The binding affinity of full-length N S Gandhi and R L Mancera heparin and annexin A2 at pH 5.0 and pH 7.4 is 366 and 17 nM, respectively (Shao et al. 2006) .
PECAM-1 is found on the surface of many cells of the immune system (Newman 1997) and is known to play an essential role in the transendothelial migration of leukocytes (diapedesis) (Muller 1993) , angiogenesis (Cao et al. 2002) , and T-cell activation (Zehnder et al. 1995) . HS proteoglycans have been proposed to bind to PECAM-1 (DeLisser et al. 1993; Piali 1995; Prager 1996; Deaglio et al. 1998) , and the binding of heparin fragments has recently been confirmed, with stronger binding observed at a pH of 6.0 than at a pH of 7.0 Gandhi et al. 2008) . Recent molecular modeling studies of PECAM-1 and its interactions with various GAG fragments predicted the existence of high-and low-affinity GAG binding regions in PECAM-1 Gandhi et al. 2008) , which was confirmed experimentally .
Here, we report the first use of MD free energy calculations using the MM-PBSA method to investigate the interactions of heparin fragments (shown in Figure 1 ) of different sizes with annexin A2 and PECAM-1. In addition, these heparin fragments have been simulated in explicit water to characterize their structure and dynamics in the aqueous solution. Figure 2A and B shows the time evolution of the temperature and potential energy in the simulations of the heparin disaccharide complexed with Ig-domains 5 and 6 of PECAM-1. The temperature and potential energy fluctuate around converged average values. The root mean square deviation (RMSD) of the coordinates in each snapshot with respect to the coordinates in the initial snapshot was monitored for simulation of the protein and ligand complex, as shown in Figure 2C . The high RMSD values (up to ∼ 6Å) observed with Ig-domains 5 and 6 indicate the occurrence of a conformational change in the backbone of these domains, as discussed in more detail further below. Figure 3A and B shows the corresponding time evolution of the temperature and potential energy in the simulations of the heparin pentasaccharide complexed with Ig-domains 2 and 3, exhibiting fluctuations around converged values. A significant amount of backbone motion (up to ∼ 5Å) in Ig-domains 2 and 3 can be observed in Figure 3C , as measured from the separate simulations of the protein and ligand. The high RMSD values indicate that there is a significant conformational change in these domains, and this is also reflected in the molecular mechanics and solvation energies of the complex. The time evolution of the energy contributions of the protein during the simulation is shown in Figure 4 . The relationship between the relaxation energy (sum of solvation and molecular mechanics energies) and protein flexibility (conformational free energy) was recently investigated using the MM-PBSA method and shown to be important for the accurate estimation of free energies of binding (Swanson et al. 2004 ). The binding affinity of a small ligand to FKBP12 was found to be 10 kJ/mol lower than that measured experimentally when the protein relaxation energy and configurational free energy were ignored, both of which are expected to be slightly positive (Swanson et al. 2004 ).
Results and discussion

Conformations of the free and protein-bound heparin pentasaccharide
Analyses of the structures of the heparin pentasaccharide bound to annexin A2 and to Ig-domains 2-3 of PECAM-1, and in aqueous solution were carried out and compared with the heparin fragment obtained from the crystal structure to investigate whether there are any differences in the conformation of the glycosidic linkages between each oligosaccharide monomer. The dihedral angles (ϕ, ) for the GlcNS6S(1→4)IdoA2S and IdoA2S(1→4)GlcNS6S glycosidic linkages are between 80
• and 110
• and −70
• and 120
• , respectively, for heparin in the aqueous solution (Mulloy et al. 1993) . The dihedral angle observed in X-ray or NMR structures has been shown to differ from these values by up to 50
• (Mulloy and Forster 2000) . The conformations of the pentasaccharide fragment in all three cases were analyzed from the first 4.0 ns of the MD trajectories. Table I lists the average values of the four glycosidic torsion angles (as described in Mulloy and Forster (2000) ) of the pentasaccharide in each case.
All glycosidic linkages, α(1,4) 1 , α(1,4) 2 , α(1,4) 3 and α(1,4) 4 , of the pentasaccharide exhibited greater fluctuations in the MD simulations when bound to PECAM-1 and annexin A2 than in the aqueous solution. The torsional angles of the α(1,4) 1 linkage in the aqueous solution and in the protein-bound structures exhibited large fluctuations due to the change in the conformation of the first iduronic acid residue (present in the 1 H 2 conformation). The conformation of the glycosidic linkage α(1,4) 2 in the aqueous solution and in the protein-bound structures forms are all similar to each other. There is no clear pattern in the conformations of linkage α(1,4) 3 across the three cases. A similar conformation is observed for the α(1,4) 4 glycosidic linkage in the crystal structure of annexin A2 and in the aqueous solution, but not in the MD simulations of annexin A2 and PECAM-1.
The above-mentioned data suggest that the heparin pentasaccharide undergoes a conformational change upon binding to either protein. In the case of the annexin A2 simulation, this conformational change may be due to the various interactions of the heparin fragment with the protein loops, water molecules, and the calcium ions present on the surface of the protein, as N S Gandhi and R L Mancera Table I . Average values of glycosidic torsion angles of the heparin pentasaccharide extracted from the annexin A2 crystal structure (PDB code 2HYV), the pentasaccharide complexed with annexin A2 over 4.0 ns, the pentasaccharide complexed with Ig-domains 2 and 3 of PECAM-1 over 4.0 ns, and the pentasaccharide in aqueous solution over 4.0 ns The and ϕ angles in the α(1, 4) linkages are defined as C1-Ox-Cx-Hx and H1-C1-Ox-Cx, respectively. Standard deviations are shown in brackets. discussed further below. The X-ray structures of bound complexes of longer heparin oligosaccharides to annexin A2, such as hexa and octasaccharides, reveal that there is no visible electron density beyond residue E. Hence, the O-1 oxygen of residue E is not really in the free hydroxyl form, as we have simulated it, but forms a 1→4 glycosidic linkage to the next residue and hence may adopt a different conformation. The dihedral angles observed in X-ray or NMR structures can vary from those observed in MD simulations of heparin or heparin-protein complexes in aqueous solutions (Mulloy and Forster 2000) . Larger fluctuations in the case of the pentasaccharide fragment bound to PECAM-1 with respect to the conformation in the aqueous solution are likely to be due to the change in the receptor conformation, as described above. A comparison of the average conformations of the glycosidic linkages with average values obtained from NMR determinations, MD simulations, and crystal structures of heparin fragments bound to proteins like aFGF (Mikhailov et al. 1997) shows that the α(1,4) 2 , α(1,4) 3 , and α(1,4) 4 linkages remain relatively stable, whereas there are relatively large changes in the α(1,4) 1 linkage. Larger fluctuations of the α(1,4) 1 linkage may occur because of the modification at the nonreducing end of the unsaturated UA2S required to create a 4-deoxy IdoA2S residue (4 −D− IdoA2S) since the residue adopts a different conformation to its original 1 H 2 conformation ). 
Interactions of heparin fragments with PECAM-1
Previous docking simulations identified a number of residues in Ig-domains 5 and 6 of PECAM-1 involved in the low-affinity binding of heparin disaccharides: Lys 423, Lys 446, Lys 449, Asn 467, Thr 533, Ser 529, Arg 577, and His 580 . The amino acid numbering is in accordance with the Swiss-Prot protein sequence. The presence of this low-affinity GAG-binding region was confirmed experimentally . The MD simulations of a heparin disaccharide reported here considered the third cluster reported in those docking simulations and which was predicted to have a free energy of binding and dissociation constant of −6.13 kcal/mol and 32.2 μM, respectively . Our MD simulations confirmed that the interaction between the heparin disaccharide and the protein is stable, although conformational changes in Ig-domains 5-6 resulted in some changes of the interactions predicted with docking to the rigid protein . Table II lists the residues involved in interactions of the heparin disaccharide with Ig-domains 2 and 3 of PECAM-1 in both the docking and MD simulations. The loss of interactions of the disaccharide with Ig-domains 5-6 arises from conformational changes in these domains as seen in Figure 2C . A conformational change from a predominantly β-sheet structure to a disordered random coil structure was also observed in the simulation of Ig-domains 5-6 alone. The open conformation of Ig-domains 2 and 3 can interact with a longer heparin fragment through its basic residues exposed on the surface. Ig-domains 2 and 3 are represented with a solvent-accessible electrostatic potential surface (negative potential in red and positive potential in blue). The heparin pentasaccharide fragment is shown as sticks. Image created using NOC (Chen et al.) .
Previous docking simulations also identified a number of residues in Ig-domains 2 and 3 of PECAM-1 involved in the high-affinity binding of heparin fragments of various sizes: Lys 176, Leu 177, Arg 179, His 239, Lys 255, Gln 259, and Ile 258 . Strong electrostatic interactions with most of these residues were found to be responsible for the computed high affinity of binding, in the presence of a high-affinity region being confirmed experimentally .
Analysis of the MD trajectory of this complex revealed that a significant conformational change takes place in Ig-domains 2 and 3. Tendency for a change from an α-helical to a 3 10 helical conformation was observed. It was also seen that the β-sheet regions are somewhat less well preserved than the helical regions, as reported previously for viscotoxin A3 (Fogolari et al. 2003 ). This transition is also similar to that observed in NMR studies of the globular structure of fibronectin-III (FN-III), whose β-sheeted Ig-domains adopt a random coil structure at acidic pH in solution (Penkett et al. 1997 ). An increase in the disordered structure in the heparin binding site and a decrease in the β-sheet content was observed during the 8 ns simulation, similar to the conformational change observed for the binding of heparin to the annexin II tetramer (AIIt) (Kassam et al. 1997) . The origin of this conformational transition in Ig-domains can be attributed to the presence of large numbers of glycines (which impart conformational flexibility) and prolines (which have structure breaking properties) in their structures.
A hinge region is present in the high-affinity binding site shared by Ig-domains 2 and 3 of PECAM-1 , which can open up to expose more basic residues that may interact with a longer heparin oligosaccharide. The MD simulation indeed revealed the occurrence of a hinge movement that opened up and increased the size of the binding site (see Figure 5 ). This conformational change thus opened the possibility for a longer heparin fragment (such as an octasaccharide) to interact with basic residues such as Arg 179, Lys 181, Lys 255, and Gln 259, and to have a higher affinity of binding, as described further below.
Analysis of the simulation trajectory between 2-4 ns and 4-6 ns revealed that the pentasaccharide retains all the observed interactions of residues A, B, C, and D with the protein. MD simulations revealed water-mediated interactions of the sugars with the receptor in contrast to the docking studies . The interactions of 2-O-sulfate groups of iduronic acids with the protein are mainly water mediated. The 6-O-sulfate of residue B is fully solvated but does not interact with the protein only via water-mediated contacts. The pyranose ring of residue A is observed in the boat conformation. The chair ring conformations of the GlcNS6S and IdoA2S at positions B, C, D, and E were retained during the initial 2 ns period of the simulation. Table III lists the residues involved in interactions of the heparin pentasaccharide with Ig-domains 2 and 3 of PECAM-1 in both the docking and MD simulations.
Free energies of the binding of heparin fragments to PECAM-1
Earlier docking studies predicted that the free energy of the binding of a heparin disaccharide to Ig-domains 5-6 of PECAM-1 is −6.5 kcal/mol, resulting in a dissociation constant of around 15 μM, suggesting weak binding ). This was confirmed experimentally . Table S1 summarizes the results of the calculations of the free energy of binding using the MM-PBSA and MM-GBSA methods. The predicted free energies of binding (−1.03 kcal/mol with MM-PBSA and +6.63 kcal/mol with MM-GBSA) translate into dissociation constants in the mM range, indicating very weak binding. The calculations reveal that the favorable sum of the interaction and solvation energy terms (PBTOTAL/GBTOTAL) was not large enough to overcome the unfavorable contribution of the vibrational entropy change. It is interesting to note that the interaction energy term is not large enough because the electrostatic component of the free energy of binding (PBELE/GBELE) is large and positive, revealing that the unfavorable desolvation cost is larger than the favorable direct electrostatic interactions. Nonetheless, van der Waals (VDW) interactions provide a significant favorable contribution to the affinity of binding.
Earlier docking studies predicted that the free energy of the binding of a heparin pentasaccharide to Ig-domains 2-3 is −11.2 kcal/mol, resulting in a dissociation constant of around 5 nM, suggesting strong binding ). This was confirmed experimentally . Table S2 summarizes the results of the calculations of the free energy of binding using the MM-PBSA and MM-GBSA methods. The predicted free energies of binding (−16.18 kcal/mol with MM-PBSA and −13.42 kcal/mol with MM-GBSA) translate into dissociation constants of 158 and 163 pM, respectively. In this case, the interaction energy term is significantly larger because the electrostatic component of the free energy of binding (PBELE/GBELE) is large and negative, revealing that the unfavorable desolvation cost is now smaller than the favorable direct electrostatic interactions. For this longer heparin fragment, VDW interactions also provide a larger favorable contribution to the affinity of binding.
The above affinity values for the heparin pentasaccharide are likely to be influenced by those changes in the conformation of Ig-domains 2-3 described above. Hence, the MM-PBSA and MM-GBSA analyses were also carried out separately for each of four 2.0 ns portions of the simulation trajectory. The calculated free energies of binding (MM-PBSA) were −6.7 kcal/mol N S Gandhi and R L Mancera for 0-2 ns (Table S3) , −10.76 kcal/mol for 2-4 ns (Table S4) , −22.81 kcal/mol for 4-6 ns (Table S5) , and −19.79 kcal/mol for 6-8 ns (Table S6 ). There is a gradual decrease in the free energy of binding as the simulation progresses. The binding affinity increases during the last 4.0 ns as Ig-domains 2-3 adopt an "open" conformation with an increase in the electrostatic interactions of the heparin fragment with these domains. At the same time, there is a gradual decrease in the PBTOTAL/GBTOTAL (sum of molecular mechanics energy and polar and nonpolar solvation energies) of Ig domains 2-3 along the simulation trajectory ( Figure 4 ). This is also accompanied by a gradual decrease in the free energy of solvation of the pentasaccharide and the protein (Tables S3-S5 ). These results suggest that the conformational change of domains 2-3 is thermodynamically favorable and, importantly, does not depend on the interactions with the heparin fragment.
It is important to point out that in all these free energy calculations, the vibrational entropy change contributions are of approximately the same magnitude as the interaction terms, revealing that both enthalpy and entropy play a key role in determining the free energy of the binding of heparin fragments.
In all the simulations of heparin fragments involving interactions with PECAM-1, entropy calculations were also carried out using quasi-harmonic analysis in order to try to account for conformational entropy contributions. However, the resulting entropy changes were too large and appeared to be unrealistic as the resulting free energies of binding were large and positive.
Docking and MD simulations of the interactions of a heparin octasaccharide with PECAM-1
The conformational changes associated with going from the "open" to the "closed" conformation of Ig-domains 2-3 of PECAM-1 described above suggested that larger heparin fragments may bind with even stronger affinity to the receptor due to additional electrostatic interactions with other residues. Hence, a heparin octasaccharide fragment was docked onto the protein, and MD simulations were carried out to fully characterize their interactions.
Docking simulations indicated that a heparin octasaccharide can interact with Ig-domains 2-3 mainly through ionic inter- GlcNS6S in the last two residues of the octasaccharide form ionic interactions with the protonated nitrogen N ε1 and N ε2 of His 253, respectively. The free energy of binding and the dissociation constant are predicted to be −13.3 kcal/mol and 0.2 nM, respectively, revealing stronger affinity of the octasaccharide compared to the pentasaccharide, as expected.
MM-PBSA and MM-GBSA simulations of the heparin octasaccharide complexed with Ig-domains 2-3 resulted in predicted free energies of the binding of −24.17 kcal/mol and −32.23 kcal/mol, respectively (Table S7) . Table S7 reveals favorable entropy term using quasi-harmonic analysis resulting in predicted energies of the binding of −6.97 kcal/mol and −15.01 kcal/mol. A structural analysis (not shown) revealed that no further opening up of Ig-domains 2-3 was observed in the receptor during the simulations. Analysis of the trajectory revealed that the 2-O-sulfate of residue A retains its ionic interactions with the positively charged sidechain of Lys 176, as observed in the above docking simulation, whereas the carboxylate was seen to interact strongly with a Na The free energy of binding indicates that a longer oligosaccharide can easily bind to Ig-domains 2-3 of PECAM-1 with higher affinity. As in the case of the pentasaccharide fragment, the electrostatic component of the free energy of binding (PBELE/GBELE) is large and negative, once again revealing that the unfavorable energy cost of desolvation is smaller than the favorable strong direct electrostatic interactions. In addition, VDW interactions provide an even larger favorable contribution to the affinity of binding than for the pentasaccharide. It can also be seen that residues Lys 181 and Arg 184 are exposed to the surface and may be available to interact with a heparin fragment longer than an octasaccharide, consistent with experimental data .
MD simulations of the interactions of a heparin pentasaccharide with annexin A2
MM-PBSA and MM-GBSA simulations were also performed on the complex made by a heparin pentasaccharide and annexin A2, as extracted from its crystal structure. This was done to provide an additional example of the use of such free energy calculations on GAG-protein interactions, particularly as the presence of calcium-mediated interactions between heparin and annexin A2 constitutes an interesting test case.
During the MD simulations, the preservation of typical secondary structural elements was monitored using Ramachandran plots. All helical structures were reasonably well preserved during the simulations. This is consistent with X-ray crystallography studies that show that the binding of heparin does not elicit a significant conformational change in annexin A2 (Shao et al. 2006) .
The interactions of the heparin fragment with annexin A2 during the simulation were consistent with those observed in the crystal structure (Table IV) . The heparin fragment retained its interactions via its first three saccharides (residues A-C) with Lys 280, Gly 281, Ca-8, Lys 323, and the N ε1 of His 93. The interaction of Ca-7 and the carboxylate of residue A mediated by a water molecule was also observed during the MD simulation. The coordination shell of Ca-8 in the crystal structure of annexin A2 is formed by the oxygen atoms from the side chain of Thr 282 and the backbone C = O of Asp 321 and two water molecules. This coordination shell was retained during the MD simulation. In the crystal structure, residue E of the heparin fragment shows no direct or water-mediated interactions with any protein atom or bound Ca 2+ ion. However, analysis of the MD simulation trajectory revealed the formation of intermittent interactions between residue E with either water ( Figure 7A ) or directly with Ca-1. After 4.0 ns, residue E forms weak interactions with Ca-1 ( Figure 7B ). This interaction is intermittent due to the flexibility in the glycosidic linkage between residues D and E, changes in the ring conformation of residue E. Analysis of the trajectory also revealed that residue E adopts a chair conformation when it forms direct interactions with Ca-1. A small but significant conformational change in the I-AB loop is also observed during the simulation. This loop is sensitive to the presence of bound Ca ions and is known to induce a requisite conformational change in annexin V for heparin binding (Capila et al. 2001) . The 2-O-sulfate of residue E, Gly 49, the backbone of Val 50, and the carboxylate of Glu 52 form the co-ordination shell of Ca-1. When this interaction is formed, the 6-O-sulfate of residue D loses its interaction with the protonated N ε1 of His 93, while the N-sulfate of residue D interacts with the backbone of Tyr 326 and the backbone NH of Asp 325, as observed in the crystal structure of the complex of a heparin tetrasaccharide with annexin A2 (Shao et al. 2006) .
Both the crystal structure and the MD simulation of annexin A2 reveal that the IdoA2S residues are in the 1 C 4 conformation. The carboxylate of IdoA2S of residue A and the N-sulfate of GlcNS6S of residue B form the coordination shell of Ca-7 and Ca-8, respectively. Also, residue C coordinates Ca-8 via its Osulfo oxygen, whereas the sulfate at position 2 of IdoA2S of residue A is not essential for metal binding. These observations suggest that the binding preferences of heparin for Ca 2+ on the protein surface of annexin A2 are similar to those reported for the coordination shell of Ca 2+ for heparin in solution (Chevalier et al. 2002 (Chevalier et al. , 2004 .
The free energy of binding analysis using MM-PBSA and MM-GBSA for the interaction of this heparin pentasaccharide to annexin A2 is reported in Table S8 . The free energy of binding and dissociation constant are predicted to be −7.68 kcal/mol and 2.51 μM, respectively, by the MM-PBSA method whereas the free energy of binding is predicted to be positive by the N S Gandhi and R L Mancera MM-GBSA method. Normal modes analysis provided a more reasonable estimate of the entropy than the quasi-harmonic approach for the heparin-annexin system. As in the previous simulations of PECAM-1, the electrostatic component of the free energy of binding (PBELE/GBELE) is large and negative, providing the basis for the predicted high affinity of binding due to strong electrostatic interactions. The contribution of VDW interactions to the free energy is similar to that predicted for the binding of the heparin pentasaccharide to PECAM-1. Similar total energies of the interaction (PBTOTAL/GBTOTAL) have been reported for the EF-hand protein parvalbumin, where the substitution of Ser with Asp in the Ca 2+ binding site exhibited stability and further enhanced the binding affinity for the cation (Zhao et al. 2006) .
Prediction of free energies of binding for GAG-protein complexes
The free energy calculations presented in this paper are able to provide estimates of the binding affinity that are semiquantitatively consistent with experimental and docking data. While the predicted free energies of binding have in general been overestimated, it appears that the MM-PBSA and MM-GBSA methods can provide reasonably accurate estimates of the relative binding affinities of GAG fragments to proteins. In the examples that have been presented, these methods were able to distinguish between high and low GAG-binding affinity sites and to predict increased binding affinities for larger heparin fragments, consistent with experimental data. Overall entropy changes can be measured either by normal modes analysis or by a quasi-harmonic approach. However, when applied to heparinprotein systems, the quasi-harmonic approach yielded much larger entropy values that appear to be unrealistic as they lead to large and positive free energies of binding in most cases. This quasi-harmonic approach to the calculation of conformational entropies has already been reported to suffer from sampling problems in protein-protein complexes (Holger and David 2004; Hsu et al. 2005) . Entropy calculations have therefore resorted to normal modes analysis as a simplification to the problem and which appear to give better results (Case 1994; Tidor and Karplus 1994; Holger and David 2004) .
Accurate prediction of free energies of the binding of GAGs will require further development and parameterization of the force fields used, particularly if an appropriate description of the likely polarization effects in these systems (due to their high charge density) is to be achieved. All GLYCAM04 charges are developed from a thermally derived ensemble of conformations from long simulations performed in the presence of explicit solvent to represent the average behavior of the molecule in solution (Basma et al. 2001) .
Furthermore, the RESP point charges used here for the ligand, which are taken from a single conformation, are unlikely to adequately represent the electrostatic potential around sulfate groups. Moreover, the presence of a high level of molecular flexibility in GAGs associated with hydroxyl groups makes it difficult to determine a representative ensemble of conformations in solution and this might affect the internal energies. Again, the charges derived from the single conformation might not correctly represent the gauche-gauche, gauche-trans, and trans-gauche rotamers of each anomer. An analogous problem arises with the simulation of nucleic acids (Cheatham and Young 2001; McDowell et al. 2007 ).
Conclusions
MD simulations using the MM-PBSA and MM-GBSA methods have been successfully used for the first time to investigate the interactions of heparin fragments of different size with two proteins, PECAM-1 and annexin A2. These simulations revealed that the network of ionic and hydrogen bonding interactions of heparin with proteins is optimized during the simulations, resulting in high affinities of binding for the larger fragments.
In the case of PECAM-1, these free energy calculations are in good agreement with earlier docking and experimental studies that showed the existence of high-and low-affinity GAGbinding regions in the receptor. MD simulations revealed the existence of a hinge-type conformational change affecting Igdomains 2-3, which exposes more basic residues on the surface and thus facilitates the binding of longer-sized heparin fragments (such as an octasaccharide) with higher binding affinity.
While VDW interactions make an increasingly favorable contribution to the free energy of binding with increasing length of the heparin fragment, it appears that high affinity binding to PECAM-1 is dominated by strong electrostatic interactions. This is to be expected given the polyanionic nature of heparin and the cationic nature of the binding site of this protein. However, the solvation penalty associated with desolvating the charged sulfate groups in these heparin fragments is significantly large, resulting in very weak binding for small (disaccharide) heparin fragments. The vibrational entropy has a similar magnitude to the VDW and electrostatic interactions, and hence it also plays an important role in determining the free energy of binding. Calculations of the solvation free energies using the Poisson-Boltzmann approach and the generalized Born model give rise to similar predictions of the free energy of the binding of heparin fragments to PECAM-1.
In the case of annexin A2, MD simulations revealed the occurrence of an intermittent conformational change in a heparin pentasaccharide at the reducing end which allows the fragment to interact with an additional Ca ion on the protein surface. This is due to the intrinsic flexibility of the associated glycosidic bond and the sugar ring, as well as small but significant changes to the conformation of a neighboring loop in the protein.
Thus far, only rarely has the design of GAG-based therapeutic agents made extensive use of the computational methods such as docking and free energy simulations. In this work, free energy simulations using the MM-PBSA and MM-GBSA methods are successful in describing the interactions of heparin fragments with proteins. However, future work still needs to be done to improve the modeling of these interactions by including polarization effects and a better representation of the electrostatic properties of these molecules in the aqueous solution.
Material and methods
Starting structure of the heparin-protein complex
The coordinates of the immunoglobulin (Ig) domains 2-3 and 5-6 were extracted from our previously reported homology model of the extracellular domains of PECAM-1 .
Coordinates of the complexes of a heparin pentasaccharide (Figure 1) with the closed conformation of Ig-domains 2-3 and of a disaccharide (Figure 1 ) with Ig-domains 5-6 were taken from our previous docking simulations . All histidine sidechains in the binding regions were protonated as the interaction of GAGs with PECAM-1 is stronger at slightly acidic pH Gandhi et al. 2008) .
The heparin pentasaccharide (Figure 1 ) consisted of IdoA2S (1→4)GlcNS6S(1→4)IdoA2S(1→4)GlcNS6S(1→4)IdoA2S. We have modeled this pentasaccharide with its iduronic acids in the 1 C 4 chair conformation as reported in the crystal structure of annexin A2 (PDB structure 2HYV) complexed with a heparin hexasaccharide (Shao et al. 2006) . The structure of the heparin disaccharide (Figure 1 ) (IdoA2S(1→4)GlcNS6S) was extracted from the reported NMR structure of a heparin dodecasaccharide fragment (PDB structure 1HPN), wherein the iduronic acid is in the 1 C 4 chair conformation and the glucosamine is in the 4 C 1 chair conformation (Mulloy et al. 1993) . This enabled the comparison of results with the similar conformation exhibited by the heparin pentasaccharide.
The heparin octasaccharide ABCDEFGF shown in Figure 1 (IdoA2S(1→4)GlcNS6S(1→4)IdoA2S(1→4)GlcNS6S(1→4) IdoA2S(1→4)GlcNS6S(1→ 4)IdoA2S(1→4)GlcNS6S) was built from the pentasaccharide fragment extracted from the 8.0 ns MD simulations of its complex with Ig-domains 2 and 3 of PECAM-1. For this purpose, binding modes with the lowest free energy of binding were considered in conjunction with a visual search for snapshots exhibiting an "open" conformation of Ig-domains 2 and 3, so that more basic residues could be exposed to form interactions with a longer octasaccharide fragment. The octasaccharide chain conformation was generated by taking the structure of monosaccharide units B−E from the above-mentioned 2HYV crystal structure with a pentasaccharide and adding GlcNS6S(1→4)IdoA2S(1→4)GlcNS6S to the nonreducing terminus. GlcNS6S residues were added in the 4 C 1 conformation while IdoA2S was added in the 1 C 4 conformation. Docking simulations of this octasaccharide fragment to Ig-domains 2 and 3 of PECAM-1 in the "open" conformation were carried out as reported previously for shorter fragments Gandhi et al. 2008) .
The starting structures for the simulations of the complex of a heparin pentasaccharide with human annexin A2, which includes calcium ions, were taken from PDB structure 2HYV (Shao et al. 2006 ) obtained at 1.42Å resolution. Since there is N S Gandhi and R L Mancera no observed electron density for the sixth saccharide residue, the fragment is effectively a pentasaccharide, as shown in Figure 1 .
Parameterization of the AMBER/GLYCAM force field for heparin fragments
The GLYCAM force field has been found to represent glycosidic linkages and conformer ensembles in good agreement with those estimated by NMR determinations for heparin fragments (Angulo et al. 2003; Zhang et al. 2008) . We used a similar protocol to perform unrestrained MD simulations in explicit water for heparin fragments bound to the proteins. The Parm94 (Cornell et al. 1995) force field in AMBER 9.0 (Case et al. 2005 ) was used with the GLYCAM04 extension for carbohydrates (Woods et al. 1995) in all MD simulations. Existing nonbonded parameters for sulfates and sulfamates were used (Huige and Altona 1995) . Force constants for bond lengths and angles as well as torsional parameters that were not available for sulfates were approximated by taking those for phosphates available in the GLY-CAM04 force field. Such approximation has been successfully applied to reproduce geometries of heparin oligosaccharides in gas phase simulations (Jin et al. 2005) .
Partial atomic charges for the heparin di-, penta-, and octasaccharides were obtained using the restricted electrostatic potential (RESP) method Cornell et al. 1993) with the leap and sander modules in Amber 9.0. For this purpose, all molecules were initially subjected to a full geometry optimization with a 6-31G * basis set using Gaussian 98 (Frisch et al. 1998) . A SCF convergence criterion of 10 −8 kcal/mol and a "tight" optimization threshold were used. The resulting minimum energy conformation of each saccharide was then subjected to a single point energy calculation with a 6-31G * basis set and the POP = CHelpG charge option.
MD Simulations of the heparin-protein complex
Following the MM-PBSA protocol (see below), separate MD simulations were carried out for the relevant proteins (annexin A2 and PECAM-1), the heparin fragment of interest, and a complex between the two. During heating and equilibration, weak restraints (with a force constant of 25 kcal/mol/Å 2 ) were applied to all heavy atoms in the protein domains, except those in the GAG binding sites previously identified: residues 176-182, 207-209, 250-260 , and 278-288 of Ig-domains 2 and 3 and residues Lys 423, Thr 533, Arg 577, and Lys 423 of Ig-domains 5 and 6 . Earlier protein modeling studies indicated that the PECAM-1 receptor may exist in an "open" or "closed" conformation due to the presence of loops connecting domains 2 and 3 . As a consequence, full flexibility of the receptor and heparin fragment was allowed during the production stage of the simulations. Full protein flexibility was allowed for the entire structure of annexin A2, taken from the crystal structure of its complex with a heparin hexasaccharide (PDB code 2HYV).
All energy minimizations and MD simulations were performed using the AMBER 9.0 MD package (Case et al. 2005) . A cubic box of TIP3P water molecules (Jorgensen et al. 1983 ) was added to solvate the complex, keeping a minimum distance of 12.0Å between each face of the box and the solute. The number of water molecules added to the annexin A2-heparin complex was 19,587. A total of 16,039 water molecules were added to the complex of the octasaccharide and the "open" conformation of Ig-domains 2 and 3 of PECAM-1, while 7181 water molecules were added to the complex of the pentasaccharide with the "closed" conformation of these domains. A total of 5651 water molecules were added to the complex of the disaccharide with Ig-domains 5 and 6 of PECAM-1. Net charges in the protein and/or heparin fragments were neutralized by adding an appropriate number of counterions (Na + or Cl − ). During all simulations, the particle mesh Ewald (PME) method was used to compute long-range electrostatic interactions (Tom et al. 1993) , using a 1.0Å grid spacing and a fourth-order spline for interpolation. The nonbonded cutoff was set to 9.0Å, and the SHAKE algorithm (Ryckaert et al. 1977 ) was used to constrain all bonds involving hydrogen atoms. All simulations were carried out in the isobaric-isothermal (NPT) ensemble. Temperature and pressure were maintained using the weak-coupling algorithm with coupling constants τ T and τ P of 0.1 and 1 ps, respectively (300 K, 1 atm-Berendsen barostat) (Berendsen et al. 1984) . A timestep of 1.0 fs was used in all simulations and coordinates were saved every 10 ps. Periodic boundary conditions were applied throughout.
In each simulation, initial unfavorable contacts with the solvent were removed by energy minimization after performing 10 steps of steepest descents followed by 990 steps of conjugate gradients. A 150-ps period of simulated annealing was then carried out, during which the temperature was raised from 5 to 300 K over 50 ps, with a further 50 ps at 300 K, before cooling back to 5 K over 50 ps. The system was energy minimized again as before, followed by heating from 5 to 300 K over 50 ps, upon which the systems were deemed to have equilibrated. The production phases of the simulations without any constraints were then run at 300 K for 8.0 ns for each protein and heparin-protein complex, and for 4.0 ns for each heparin fragment alone. Various properties (density, temperature, pressure, kinetic, and potential energies) were monitored during the simulations to ensure that proper equilibration had been achieved.
MM-PBSA calculations for binding free energy
In the MM-PBSA method, the free energies are calculated for representative "snapshot" structures taken from the MD trajectories of the system of interest. This method combines explicit solvation simulations with Poisson-Boltzmann analysis and nonpolar solvation free energy calculations to estimate the free energy of binding (Srinivasan et al. 1998; Kollman et al. 2000) . Free energies of binding are defined as (1) where G gas is the interaction energy between protein and ligand in the gas phase, which is calculated using a molecular mechanics approach. G sol-prot , G sol-lig , and G sol-cmplx are the solvation free energies of the protein, ligand, and ligand-protein complex, respectively, which are estimated using a continuum Poisson-Boltzmann/surface area approach (or the generalized Born/surface approach in the case of GBSA calculations). In MM-PBSA, the free energy of binding is calculated as
where E MM is the difference in the average molecular mechanics energy, which is calculated as
where E int = E bond + E angle + E tors .
